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Abstract 26 
A planar methane-air mixing layer with equal velocity in the two streams has been used 27 
to examine the ignition probability and the non-premixed edge flame speed following 28 
spark ignition. The mixing layer has approximately homogeneous turbulent intensity 29 
and lengthscale. Mean local mixture fraction has also been measured for the whole flow 30 
field. The ignition and subsequent flame propagation were visualized with a high-speed 31 
camera and the flame’s edges in the upstream, downstream and cross-stream directions 32 
have been identified. The average rate of flame evolution in these directions allowed an 33 
estimation of the average absolute flame speed. Ignition probability contour of the 34 
mixing layer takes a V-shape, which matches the shape of the lean and rich 35 
flammability limits with a little discrepancy in the rich side. By subtracting the uniform 36 
mean velocity resulted in estimates of the mean relative edge flame speed. This 37 
quantity was approximately 2.5SL, where SL is the laminar burning velocity of 38 
stoichiometric methane-air premixed flames. The results are consistent with DNS of 39 
turbulent edge flames. 40 
 41 
1. Introduction 42 
 43 
 Spark ignition of non-premixed combustion is important in high-altitude relight of 44 
aviation gas turbines, industrial furnaces, and some GDI automotive engines. Our physical 45 
understanding of such processes is not yet at a point that quantitative theoretical predictions 46 
can be made. Experiments with spark ignition of jet diffusion flames [1,2] showed that the 47 
probability of the emergence of an initial flame kernel in the spark neighbourhood is 48 
approximately equal to the probability of finding air-fuel mixture within the flammability 49 
limits. This concept has been further explored to provide a quantitative explosion risk 50 
assessment [3] with CFD and a presumed shape of the PDF of the mixture fraction. Recently, 51 
spark ignition of non-premixed flames has been re-visited with jet [4], counter-flow [5], and 52 
bluff-body methane flames [6]. It was shown that, if ignition means the achievement of a full 53 
diffusion flame and not just the emergence of a small kernel that may be convected with the 54 
flow without causing flame ignition, the ignition probability is reduced and can be zero even 55 
in locations that have finite probability of flammable mixture fractions. The difference was 56 
attributed to local strain effects or high velocities that may not allow the flame kernel to grow 57 
or a flame to propagate, despite the local mixture fraction being flammable. This finding has 58 
been confirmed by studying the probabilistic nature of ignition of fully premixed turbulent 59 
flames in similar flow configurations [7] and in a swirled partially premixed burner [8]. It 60 
was noted that, in locations with high strain rates and/or high turbulence, these parameters 61 
have the detrimental effect on the ignition probability regardless of the mixture strength at 62 
these locations. In addition, the non-local effects, heat convection from the spark for instance, 63 
can play a very important part in determining the success of ignition [5], so that the ignition 64 
probability was finite even in regions of zero probability of finding flammable mixtures.  65 
 66 
Simulations of spark ignition in a laminar non-premixed counterflow flame [9] reproduced 67 
these conjectures: ignition of the stoichiometric fluid could be achieved due to heat diffusion 68 
from the sparked region, even if that was located at rich or lean positions, and there was a 69 
critical strain rate, depending on the spark position and energy, above which ignition could 70 
not be achieved. 71 
 72 
One additional reason why the ignition probability is less than unity, and why it is 73 
different than the probability of just establishing a small kernel, is that the flame cannot 74 
propagate against the flow to ignite the whole combustor. This, for example, has been 75 
visualized in simple recirculating flames [7,10], but also in realistic gas turbine combustors 76 
[11-13]. Hence, to understand this problem better, the speed at which flames propagate in 77 
turbulent non-premixed reactants must be quantified. This propagation takes place, in 78 
principle, along the stoichiometric mixture fraction contour. When the mixture fraction 79 
fluctuates little about a nominally flammable value, so that it is always lean or always rich, 80 
premixed flame concepts can be used to describe flame propagation [14-16]. We may call 81 
this “stratified-charge premixed flame”. When the mixture fraction fluctuates around the 82 
stoichiometric value, combustion occurs in a lean premixed, rich premixed, and non- 83 
premixed mode and the flame structure is reminiscent of so-called triple flames, which can 84 
merge under high strain rate to become edge flames [17]. Propagation of turbulent flames in 85 
this mode, which could be called “turbulent non-premixed edge flame”, has not been studied 86 
well enough, although some relevant information has become available from studies on 87 
turbulent jet lifted flames [18,19]. In particular, from analyzing high-speed images of the 88 
flame at the stabilization height in jet flames [19], it has been concluded that the average edge 89 
flame speed is of the same order as the laminar burning velocity of the stoichiometric mixture 90 
SL. The relative speed (i.e. flame edge speed relative to the fluid immediately ahead of the 91 
triple point) has been measured in the counterflow configuration [20] and its average value 92 
was around 0.75 SL. Similar data from Direct Numerical Simulations of spark ignition and 93 
ensuing flame propagation in turbulent mixing layers in isotropic decaying turbulence [21- 94 
23] have revealed the detrimental effects of intense turbulence on absolute and relative edge 95 
flame propagation speed [21,22] and the effects of mixture fraction gradient and spark 96 
position on the structure and speed of the flame [23]. 97 
 98 
A detailed experiment study of spark ignition and flame propagation in the canonical 99 
problem of the turbulent mixing layer has not been performed yet. Hence, in this paper, we 100 
present the characteristics of such a fuel-air mixing layer and we examine its ignition 101 
probability defined as the number of successful ignition events that result in a stable flame 102 
over the total number of spark attempts at certain location. In addition, the propagation 103 
speeds (relative to fixed coordinates) of the flame edge, as it expands along the layer have 104 
been measured. This propagation occurs against the flow on one side of the flame, with the 105 
flow on the other side, and against zero mean flow in the direction across the mean flow 106 
(parallel to the mixing layer). Hence the experiment allows various insights into edge flame 107 
propagation. The fact that the flow velocity is uniform facilitates an estimate of the average 108 
relative propagation speed. The experimental methods are presented next, while the results 109 
are presented and discussed in Section 3. 110 
 111 
2. Experimental methods   112 
 113 
2.1 Apparatus   114 
                 115 
The burner, Fig. 1, consists of two stainless steel channels with rectangular cross-section, 116 
whose two sides are W=46 mm and 20.5 mm, both being 500 mm long. The walls of the 117 
channels have a thickness of 2.5 mm. The two channels are attached along their length and 118 
their common wall is machined to produce a slope of 2.5 degrees, which results essentially in 119 
a splitter plate separating the two flows. At the edge of this plate (the exit of the channels), 120 
the height of each channel is H/2=23 mm. A quartz section of width W and height H is then 121 
fitted to provide optical access to the planar mixing layer formed downstream of the splitter 122 
plate between the flows in the two channels. A perforated plate with 40% solidity and holes 123 
of size M=3 mm to create turbulence is fitted 50 mm upstream of the splitter plate edge as 124 
shown in Fig. 1. 125 
 126 
One channel of the burner carries air from the laboratory compressor and the other a 127 
fuel-air mixture. The fuel was methane (99.96% purity) and was mixed with 80% air 128 
(X=80%, by vol.). At this level of premixedness, the fuel-air stream is above the rich 129 
flammability limit and hence the flame formed between the two streams is of a non-premixed 130 
character. The air and fuel stream velocities at the exit were equal and, for most of the 131 
experiments reported here, the bulk velocities were Ub=3.0 m/s and, for some experiments, 132 
Ub=1.5 m/s. Both air and fuel flow rates were controlled by mass flow controllers. The 133 
Reynolds number of the flow in the channel before the perforated plate was 6720 (based on 134 
the hydraulic diameter).   135 
 136 
 The experiment has been designed in an effort to reproduce, at a smaller scale and 137 
adapted to the limitations imposed by safely performing a lab-scale combustion experiment, 138 
the shearless turbulent mixing layer studied experimentally by Ma and Warhaft [24]. It is also 139 
the experimental analogue of the DNS studied previously [21-23]. In particular, this 140 
experiment has turbulent Reynolds numbers close to those in the DNS, which facilitates some 141 
comparisons. To measure the streamwise (x) component of the velocity at various locations, a 142 
hot wire system was employed. A single constant-temperature Dantec 55P16 platinum-plated 143 
tungsten hot wire (diameter 5 µm and length 1.25 mm) was used with a DISA 55M01 144 
standard bridge. The hot wire was placed perpendicular to the main flow direction and 145 
aligned with the z-direction. The measurements were taken with 10 kHz sampling rate and 146 
about 60,000 samples were recorded at each location using a DAQ system. The maximum 147 
statistical uncertainty for the reported mean velocities is estimated as 2%.  All velocities 148 
reported are from the unignited condition. 149 
 150 
2.2 Ignition unit 151 
 152 
An ignition system was especially designed to produce repeatable sparks whose 153 
energy and duration could be varied independently. The main features of the unit can be 154 
found in Ref. [4]. The spark was created between two tungsten electrodes of 1 mm diameter, 155 
which were placed as shown in Fig. 1 to ensure minimum disturbance to the flow field. The 156 
electrodes had pointed edges to reduce the heat loss from the spark and the distance between 157 
them was 2 mm. The two electrodes were attached to a twin-bore ceramic tube, which was 158 
traversed axially and radially to cover the whole flow field with 0.1 mm resolution. For the 159 
experiments described here, the spark had duration of 400 µs and the electrical energy 160 
delivered by the circuit was 100 mJ. It should be mentioned that the repeatability of the spark 161 
energy produced from the ignition unit has been examined by using a Tektronics 162 
6015A×1000 high voltage probe and an Ion Physics CM-1-L current transformer. Both 163 
devices have been connected to the spark electrodes and then the spark voltage and current 164 
waveforms have been detected by a Tektronics TDS 3012 digital oscilloscope with sampling 165 
rate of 1 MHz at the moment of spark. These waveforms have been presented in Refs. [4,25]. 166 
It was found that the maximum uncertainty of the spark energy produced from this ignition 167 
unit does not exceed 0.8% [25].   168 
The ignition probability contour was measured by applying 50 single sparks at every 169 
chosen point. The number of successful ignition attempts that form a stable flame was 170 
divided by 50 to calculate the ignition probability at this location, which implies an 171 
uncertainty of 7.5% at 50% ignition probability [2]. For the current igniter configuration, 172 
about 30% of the spark energy is actually transferred to the combustible mixture [4]. This 173 
energy is much higher than the minimum ignition energy (6.41 mJ) required to ignite 174 
flammable methane–air mixtures under atmospheric conditions [26]. Each of the ignition 175 
probability contours measured here was assembled from a matrix of 25 × 25 points across 176 
and along the burner. 177 
 178 
2.3 High-speed imaging  179 
 180 
The ignition events were monitored with a Phantom V4.2 Digital High Speed Camera 181 
fitted with a fast intensifier. A number of movies were captured with 4200 fps for successful 182 
and failed ignition events at different locations in the flow field in order to understand the 183 
behavior and the structure of the flame front from the moment of the spark until the 184 
establishment of the full planar turbulent flame or until blow-out of the domain. The images 185 
were imported to Matlab. For each image, a first stage of filtering removed noise, while a 186 
threshold was used at a second stage to detect the flame edge. This was done while traversing 187 
the domain from the clear area towards the flame zone. At this stage, each image includes 188 
black and white areas, with the white area represents the flame front. Therefore, the upstream, 189 
cross-stream and downstream flame edges were detected as a function of time for about 40 190 
ms from the spark in each movie. A total of 40 such movies were made, from which average 191 
quantities were calculated. The estimated uncertainty of detecting the flame edge positions is 192 
about 1%. 193 
 194 
2.4 Flame ionisation detector 195 
 196 
The average mixture fraction has been measured by a CAMBUSTION HFR500 fast 197 
flame ionization detector (FID) with a 1 mm diameter sampling probe. The detector had a 198 
response time of about 0.9 ms and a sample gas flow rate of about 0.5 litre/min. The probe 199 
head and sampling line were heated at a temperature of 383 K. The probe was traversed 200 
radially and axially with 1 mm steps. The spatial resolution of the probe can be determined 201 
from the sampling rate and the detection response. It is estimated at approximately 2 mm3. 202 
The relative uncertainty due to calibration and detection with the FID is estimated at about 203 
5%.  204 
 205 
3. Results and discussion 206 
 207 
3.1 Flame Visualization 208 
.  209 
Figure 1 shows photographs of the flame at a relatively low velocity, namely 210 
Ub=1.5m/s. At this velocity, the wake behind the splitter plate has low enough velocities to 211 
allow flame stabilization and hence, following ignition at a point downstream, the flame 212 
always propagates back towards the splitter plate to attach there. It is evident that the flame is 213 
planar and that the flame brush thickens downstream, probably due to the mixing layer 214 
growth. 215 
 216 
Figure 2 shows snapshots during the flame evolution following a spark, with the flow at 217 
Ub=1.5m/s, a condition that leads to attached flames. The flame expands quickly in the 218 
downstream and the cross-stream directions (e.g. image at t=35.7 ms) and slowly propagates 219 
upstream against the incoming flow to eventually attach at the splitter plate (see image at 220 
t=178.5 ms). This cross-stream expansion has also been observed in the ignition of the 221 
annular combustor with multiple swirling injectors and it was described as “the volumetric 222 
expansion” [12,13]. The flame outline is clearly turbulent and quite sharp, which can lead to a 223 
determination of the flame edge. Figure 3 shows similar snapshots during the flame evolution 224 
at Ub=3.0 m/s, a condition that leads to flame growth but no stabilization. For this condition, 225 
the downstream edge of the flame is convected out of the viewing window, as expected. The 226 
upstream edge is also being convected downstream, but at a slower rate than the downstream 227 
edge. In the cross-stream direction, the flame has filled the channel at a time that is  228 
somewhat earlier for the high velocity case than for the lower velocity case. 229 
 230 
3.2 Velocity measurements 231 
  232 
Figure 4 shows mean and r.m.s. velocities at various locations. The mean velocity is 233 
approximately uniform away from the splitter plate, but a thin wake immediately downstream 234 
of the splitter plate is evident. This wake region has low enough velocity (for the Ub=1.5m/s 235 
case) that flame propagation upstream and stabilization becomes possible. For the Ub=3.0m/s 236 
case, the mean velocity is larger, which prevents stabilization. As we go downstream, the 237 
mean velocity becomes uniform in the y- and z-directions. 238 
The r.m.s. velocity is also quite uniform across the channel, even across the wake. At x=3 239 
mm, u’ is about 0.5 m/s (about 15% of the bulk velocity), decaying to about 0.25 m/s by x=83 240 
mm. From measurements of the autocorrelation and using the Taylor hypothesis, the 241 
turbulent lengthscale was found to be approximately  7 mm at x=3 mm, growing to about 8 242 
mm by x=83 mm. Detailed measurements of the mixture fraction will be presented in the next 243 
subsection to facilitate interpretation of the flame speed data. 244 
 245 
3.3 Mixture fraction measurements 246 
 247 
The mean fuel molar fraction has been measured for the whole flow field using Fast 248 
FID. These measurements have been obtained from a 2 sec sampling time of the probe at 249 
each location. Then, the mixture fraction has been calculated from these fuel molar fraction 250 
measurements. Figure 5 shows three mixture fraction contours of the whole flow at different 251 
horizontal plans across the splitter. It should be mentioned that each mixture fraction contour 252 
has been plotted from a matrix of 80×40 measurement locations with 1 mm probe steps. It is 253 
evident that the mixture fraction distribution is very similar at z=0, z=15 and z=-15, which 254 
indicates the symmetry of the flow in z direction, Fig. 5 (a), (b) and (c) respectively. For the 255 
current air volume fraction in methane fuel, X=80%, the stoichiometric mixture fraction ξst is 256 
0.452, while the lean and rich flammability limits are ξlean = 0.233 and ξrich = 0.732, 257 
respectively.  258 
 259 
Figure 5 (a) shows the mixing field of the flow across the splitter at z=0 and along the 260 
burner with x direction. It can be observed that the mixing layer is not symmetric between the 261 
air side and the fuel side, as it is thicker into the fuel stream than the air stream. This may be 262 
related to different fluid properties, such as density and viscosity, that affect the mass 263 
diffusivities between the two streams. Therefore, the air is easier to diffuse into the fuel side 264 
than the fuel does in the air stream. In addition, it can be noted, in all the three contours 265 
shown in Fig. 5, that the 0.9 mixture fraction isoline makes a shift towards the left (away 266 
from the splitter plate) at about x=40 mm. It is not clear the reason behind this shift in the 267 
present investigation, but it can be related to the fact that the effect of the wake above the 268 
splitter is almost demolished above x=40mm, as shown in Fig. 4. This wake creates a small 269 
recirculation zone with about 5 mm width which restricts the diffusion mechanisms of the air 270 
towards the fuel side up to x=40 mm. This observation has been reported before in other 271 
investigations [27]. Above this location, more air diffuses that results in creating this shift in 272 
the fuel side. Moreover, the same reason can be also used to explain the relatively sudden 273 
increase in the distance between the other mixture faction isolines above x=40 mm. More 274 
investigations are needed to fully clarify this point by using simultaneous PIV and acetone 275 
PLIF measurements that can be done in future research.    276 
 277 
Figure 5 (a) also shows that the stoichiometric mixture fraction extends above the 278 
splitter in a thin layer with about 2 mm thickness.  The lean flammability limit of the mixture 279 
fraction extends up to 5 mm in y-direction, while the rich one extends to about 10 mm close 280 
to the top of the burner. This makes the whole mixing layer thickness grows from about 5 281 
mm at the tip of the splitter to about 15 mm thickness at the top of the burner as shown in Fig. 282 
5 (a). Similar behavior can be observed in the other two contours at z=15 mm and z=-15 mm.              283
 284 
3.4 Ignition probability 285 
 286 
 The ignition probability has been measured for the whole flow field at Ub=3.0m/s. As 287 
mentioned early, successful ignition is the one that results in a fully stable flame, while any 288 
other case is considered to be a failed ignition. Figure 6 shows the ignition probability 289 
contour for this case with the lean and rich mixture fraction isolines. The ξst (not shown in the 290 
Fig.) locates in a thin layer along y=0, and it gets slightly wider as we moves with x direction 291 
as shown in Fig. 5.  It can be observed from Fig. 6 that the ignition probability contour takes 292 
a V-shape with the region of the highest ignition probability locates around ξst. This region 293 
becomes wider at the top of the burner following the same trend of ξst.  294 
 295 
In y-direction, the ignition probability reduces sharply as moving away from the 296 
splitter, and the ignition is not possible at all beyond y=-2 mm at x=0 and y=-7 mm at x=80 297 
mm in both the lean and the rich sides. Although the successful ignition limit matches the 298 
flammability limit in the lean side, the latter is wider than the successful ignition limit in the 299 
rich side, Fig. 6. The ξrich extends up to y=11 mm at x=80 mm. This discrepancy between the 300 
ignition probability and ξrich can be attributed to the fact that the flame kernel is more likely 301 
to be convected downstream when ignition happens away from the splitter plan at y=0 mm, 302 
as observed from the high speed camera images in Fig. 3. The local flow velocity increases 303 
with y direction away from the splitter plan and reach a maximum values at y=±5 mm. 304 
Therefore, ignition beyond this location is more likely to be failed because the initial flame 305 
front propagation speed is obviously less than the local flow velocity, which results in flame 306 
propagation downstream rather than upstream. These results show that the local flow 307 
conditions have the detrimental effect on the success of ignition even in locations within the 308 
flammability limits. Similar conclusions have been obtained in the spark ignition of other 309 
flow configurations [4-7].    310 
          311 
3.5 Edge flame velocity 312 
 313 
Figure 7 shows schematically a typical flame outline following spark ignition at a 314 
point when the flow is at a velocity that does not permit upstream propagation and 315 
stabilization. The flame grows, as it is being convected downstream. The most upstream edge 316 
of the flame is denoted by Xu, the most downstream edge is denoted as Xd, the left-most edge 317 
by Zl, and the right-most edge by Zr. These quantities are extracted from each image from a 318 
sequence captured by the high speed camera.  319 
 320 
Figure 8 shows examples of the time evolution of the flame edge location from ten separate 321 
ignition events. The average positions of Xu and Xd from 40 different ignition events, like 322 
those in dashed lines, are superimposed to produce the average flame edge locations versus 323 
the time, shown in thick continuous lines in Fig. 8(a). Similarly, The average positions of Zl 324 
and Zr are shown in thick continuous lines in Fig. 8(b). Then, the edge flame speeds in all 325 
directions are obtained by calculating the slope of the average position curves (thick lines) 326 
against the time. It is evident that there is a shot-to-shot variation and that, during the 327 
evolution of the edge, its speed (understood as the slope of the curve with respect to time) is 328 
not constant. That is mainly due to the high turbulence intensity that ranges between 7 and 329 
15% at different areas of flame propagation, as shown in Fig. 4. However, on average, the 330 
edge flame propagates along the same direction. This fact applies for all four directions of 331 
flame propagation studied here.  Figure 8 shows that the downstream edge moves out of the 332 
domain after about 10 ms, while the upstream edge takes about 25 ms to be convected out of 333 
the imaged region. In the homogeneous z-direction, after about 2 ms the flame begins to 334 
expand at a relatively constant rate. The initial quick expansion due to the spark is evident by 335 
the fact that at about 0.5 ms from the initiation of the spark (t=0), the flame kernel has a 336 
diameter of about 4-5 mm.   337 
 338 
Figure 9 shows the mean velocities of the flame after subtracting the mean velocity of the 339 
flow in the corresponding direction. This gives an estimate of the mean flame edge relative 340 
velocity. It is evident that: (i) differentiating the mean flame position results in a very noisy 341 
trace, especially for the streamwise direction; (ii) from between 4 to 10 ms, the relative speed 342 
is fluctuating less; and finally (iii) the two cross-stream directions give similar absolute 343 
speeds, as expected. To avoid the uncertainties associated with differentiating experimental 344 
data, linear fits have been performed to the mean edge flame positions (Fig. 10). So, an 345 
estimate of the downstream edge flame absolute speed (d<Xd>/dt) is 4.53 m/s, giving an 346 
estimate of the downstream relative speed (d<Xd>/dt - Ub) of 1.53 m/s; for the upstream edge, 347 
the mean absolute speed is d<Xu>/dt =2.1 m/s, giving a mean relative speed of Ub - d<Xu>/dt 348 
=0.9 m/s; while the two cross-stream velocities (d<Zl>/dt and d<Zr>/dt) are very close (0.99 349 
and 1.0 m/s). There is no mean flow in the cross-stream direction. However, a cross-stream 350 
flow can be generated form the volumetric expansion across the flame [13].  Therefore, the 351 
absolute velocities that have been measured can serve as estimates of the relative velocity 352 
with reasonable accuracy. 353 
 354 
It is clear that the mean relative edge flame speeds in the three directions (upstream and the 355 
two cross-stream) are approximately equal. For laminar edge flames, the estimate (ρu/ρb)
1/2SL, 356 
where is the laminar burning velocity of the stroichiometric mixture, ρu the unburnt gas 357 
density and ρb the burnt-gas density, provides a good estimate of the absolute edge flame 358 
propagation speed in stagnant fluid [17]. For methane, SL=0.4m/s and ρu/ρb =7.4 (for ambient 359 
conditions of reactants), which results in an edge flame speed of 1.1 m/s. Hence, for the 360 
present turbulent edge flame, the mean propagation speed is close to the result from laminar 361 
edge flames. This is fully consistent with DNS data [21], which provides credence to the 362 
present experimental measurements. In the downstream direction, the estimated relative 363 
speed is higher than this. This may be due to the expansion of the flow in the burnt region, 364 
which is expected to accelerate the mean flow in the streamwise direction. Note that the 365 
present estimates of flame speed are based on the mean flow velocity far from the flame 366 
edge, i.e. without taking the local flow expansion into account. When this expansion is taken 367 
into account, the flame edge relative to the flow velocity immediately ahead of the flame 368 





4. Conclusions 374 
 375 
A planar methane-air mixing layer with equal velocity in the two streams and 376 
approximately homogeneous turbulent intensity and lengthscale has been developed and used 377 
to examine flame speed following spark ignition. The flame propagation was visualized with 378 
a high-speed camera and the flame’s edges in the upstream, downstream and cross-stream 379 
directions have been identified. The ignition probability of the whole flow field has been 380 
investigated and found that it takes a V-shape with the highest probability of ignition locates 381 
above the splitter plane. This shape matches the shape of the flammability limits of the 382 
mixture fraction with little deviation in the rich side. The ignition probability reduces sharply 383 
as moving away from the splitter plan. The average rate of flame evolution in all directions 384 
allowed for an estimation of the average absolute flame speed, while by subtracting the 385 
uniform mean velocity, estimates of the mean relative edge flame speed were made. The 386 
results show that this quantity was approximately 1 m/s, which corresponds to about 2.5 SL. 387 
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Figure 1. Schematic diagram of the test rig and photographs of the attached flame at 471 
Ub=1.5m/s. In the side view (b), the photo has been shifted to the right for clarity. The spark 472 
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 484 
 485 
Figure. 2. Snapshots of flame following successful ignition at Ub =1.5m/s at different times 486 
after the spark. Top view (through the air stream), the flow comes from below. Camera 487 
settings: 4200 frames per second, exposure time: 228 µs. Image domain is 100x52 mm. The 488 
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 496 
Figure 3. Snapshots of flame following failed ignition at Ub =3.0m/s at different times after 497 
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Figure 4. Mean and r.m.s. streamwise velocities at the indicated distance from the splitter 507 









































Mixture Fractionz = 0
 512 
(a) 513 




































Mixture FractionZ = 15 mm
 514 
(b) 515 








































Figure 5. Mean mixture fraction measured by the FID at different radial plans across the 519 
splitter plate, (a) at z = 0; (b) at z = 15 mm; (c) at z = -15 mm. Flow condition: Ub =3.0 m/s 520 
and X=80%. 521 
 522 
 523 
Figure 6. Ignition probability contour at z = 0. Lines indicate the lean and rich limits of  524 
mixture fraction, while stoichiometric mixture fracture isoline locates at y=0. Flow condition: 525 























Figure 7. Sketch defining the edges of the flame from a top view of the expanding flame (as 531 
in Figs. 1a, 2 and 3) (upper sketch) and a side view (lower sketch). The flow comes from the 532 











                              544 
Figure 8.  A few time evolutions of (a) Xu and Xd and (b) Zl and Zr from individual movies, 545 
denoted by dashed lines, and the corresponding averages compiled over 40 movies, denoted 546 




  551 
(b) 552 
 553 
Figure 9. The time evolutions of (a) [Ub - d<Xu>/dt] and [d<Xd>/dt - Ub], and (b) d<Zl>/dt 554 
and d<Zr>/dt. Flow conditions: Ub =3.0m/s and sparking at x=40mm, y=0, z=0. 555 
 556 





Figure 10. Linear curve fits to the mean flame edge position data of Fig. 8 (a) and (b), 562 
respectively. 563 
